Introduction
Aiming to produce hydrogen from efficient solar-driven water splitting systems, many research groups have devoted their efforts to the study and development of photocatalysts [1, 2, 3] . Several metal oxide semiconductors have been applied in photocatalytic and photoelectrochemical (PEC) water splitting, however most of these materials present large band gaps (> 3.0) absorbing light only within the ultraviolet region [4] . Once the visible spectrum accounts nearly half of the total energy from the sun that reaches the surface of the earth, the development of stable materials presenting absorption within the visible range is a key factor towards efficient water splitting systems. Within this context, Ta3N5 has emerged as a promising candidate, presenting adequate bandgap of ca. 2.1 eV and band edge at ca. 600 nm [5, 6] . According to the literature, the PEC water splitting performance of Ta3N5 is highly dependent on the loading of a suitable co-catalyst, while pristine Ta3N5 presents poor PEC activity [7] . Nevertheless, improved PEC activity from pristine Ta3N5 can be obtained by using a hole scavenging solution of Fe(CN) 6 3-/4- [8] . In fact, the use of hole scavenging electrolytes such as Na2SO3, Fe(CN)6
3-/4-, have resulted to improve PEC performance of other semiconductors [2, 9] . The mechanism behind the poor PEC performance of pristine Ta3N5 based PEC devices, in water oxidation conditions, is not fully understood and a throughout study of the Ta3N5/electrolyte interface is necessary. Hence, in this work we have studied the PEC water splitting of Ta3N5 nanotubes. Firstly; we synthesized Ta2O5 NTs by modified anodization which helped us to preserve the tubular NTs were used as working electrode, Pt wire as counter electrode and Ag/AgCl was used as a reference. The Ta3N5 NTs samples were characterized by scanning electron microscopy (SEM) performed in an EVO 50 from Zeiss, operated at 10 kV. Absorption spectra in the UV-Vis were obtained using a CARY 5000, Grazing angle X-ray diffraction (XRD) patterns were recorded by Shimadzu, Maxima XRD-7000 diffractometer with an incident angle of 0.3° with Cu Kα radiation (λ = 1.54 Å) at a 2θ range from 15° to 70° with a 0.05° step size and measuring time of 5s per step. Cyclic voltammetry (CV), Linear Sweep Voltammetry (LSV) and Electrochemical Impedance Spectroscopy (EIS) were performed by Auto-lab (AUT 84503) potentiostat. A Xe lamp (300W) was used as a source of electromagnetic radiation and an AM 1.5 filter was used, to obtain simulated solar spectrum. The light intensity was calibrated for 1 Sun conditions (100 mW.cm -2 ), using a silicon photodiode. In a previous study on Ta2O5 NTs prepared by anodization, we have found that anodization temperature controls the adherence of the NTs on the substrate. In addition to improve adherence, lowering the anodization temperature results in thicker walled nanotube [4] . In this study, thick walled and well adhered Ta2O5 NTs were obtained at 10°C, making them preserve their morphology even when heated at 900°C. After nitridation at 800°C and 900°C, the length of the Ta3N5 NTs were reduced to ca 1.4 µm and 1.1 µm, respectively; compared to the length of the asanodized NTs. In addition, slight decrease in the diameter of the NTs was observed. These changes in dimension are related to the density difference between the Ta2O5 and Ta3N5 structures [10] . Fig. 1c presents the grazing angle XRD patterns of the samples obtained by angle of incidence of 0.3°, with respect to the substrate surface. All peaks match with the orthorhombic phase of Ta3N5 (JPCDS file 79-1533). By using Rietveld Refinement technique, the average grain size of the nanotubes synthesized at 800°C and 900°C were 19.71, 43.51 nm respectively. Fig. 1d shows the absorption spectra of the asanodized Ta2O5 and the Ta3N5 obtained at 800°C. After nitridation one can observe a large red-shift of the band edge from 320 nm (Ta2O5) to 600 nm (Ta3N5) and bandgap values of 3.9 and 2.1 eV respectively. In addition, the spectrum of Ta3N5 display a broad absorption mode above ca. 600 nm, which is related to ionic defects in the lattice resulting from the nitridation process [11] . In order to compare our findings to the literature, we have focused our study on the Ta3N5 samples obtained at 800°C [12] . Fig. (2a, b) display the cyclic voltammograms of the sample nitrided at 800°C for 3 h. The experiments were performed under dark (Fig. 2a ) and under illumination (1 Sun) (Fig. 2b) in Na2SO4 (aq) electrolyte. For CV obtained under dark (Fig. 2a) , as the potential is swept toward negative values, a strong increase of the capacitive current can be observed, starting from ca. −0.2V. Under cathodic applied potential the chemical capacitance associated with the electron population on the semiconductor begins to dominate the Helmholtz capacitance, where the quasi-Femi level gets closer to the conduction band which leads to a capacitive current [13] . The un-coordinated metallic ionic species that exist on the surface, will give rise to electronic states below the conduction band where capacitance is controlled by the Helmholtz region. Considering the cathodic scan, under potentials more negative than −0.2 V vs Ag/AgCl, an exponential rise of the current is observed, which turned into an anodic peak at ca. −0.8 V, after the scan direction of the voltammetry is reversed from cathodic to anodic. The exponential increase in cathodic current gives rise to an exponential capacity, which is related to a charge accumulation on the semiconductor [13] . Furthermore, from ca. −0.2 towards positive potentials a constant current can be observed. Nevertheless, whether the scan is anodic or cathodic the current in that potential window is constant. This behavior can be related to the carrier depletion on Ta3N5 NTs which is characteristic of the Mott-Shottky window. Fig. 2b displays the cyclic voltammetry curves of Ta3N5 NTs obtained under illumination (1 Sun). The exponential rise of current under negative potentials shown in Fig. 2a is transformed into peaks. For the pH used in the current study, the water reduction potential is −0.66V vs Ag/AgCl; therefore, the peak B which appears at ca. 0.7V vs Ag/AgCl and C are related to the redox process of water. An interesting feature of the CV under illumination is peak A appearing at ca. −0.3V vs Ag/AgCl, which cannot be related to any redox process of the electrolyte. Furthermore, upon returning the cathodic scan to the anodic direction a wider peak (peak D) appears. Similar features have been observed in the literature for hematite, where a sharp cathodic peak was related to the filling of narrow deep trapping states and broader anodic peak corresponded to relatively slow depopulation of these states [14] . In order to gain further insight on the role of trapping states, we have obtained LSV curves of pristine Ta3N5 NTs synthesized at 800°C during 3h. The experiments were performed at a scan rate of 10 mV/s, by chopping the light under a frequency of 0.2 Hz, using Na2SO4 (aq) Fe (CN)6 3-/4-(aq) redox couple Fig (2c, d) . The PEC water splitting potential window where the solar to hydrogen efficiency can be obtained for Na2SO4 (aq) system is highlighted by black color dotted line in Fig. 2c . The photocurrent obtained in Fe (CN)6 3-/4-(aq) is clearly higher than in Na2SO4 (aq) for that potential window. Even when higher biasing is applied for Na2SO4 (aq) the photocurrent could not be improved as compared to Fe (CN)6 3-/4-(aq). In addition, the LSV curve of the system using Fe(CN)6 3-/4-(aq) redox couple presented better fill factor. In Na2SO4 (aq), at lower potentials, one can observe "overshoot" current spikes decaying momentarily and upon turning the light off sharp cathodic spikes are also observed. These results strongly suggest that under illumination, photogenerated holes reaching the Ta3N5 NTs surface in contact with Na2SO4 (aq), will be trapped and there will be large recombination of the photogenerated carriers. Once light is turn off, the holes which are trapped are oxidized resulting in a sharp cathodic peak. On the other hand, for higher applied potential biasing the cathodic spikes cannot be observed in Na2SO4. In these applied potentials the strong electric field at the double layer at the interface will force to neutralize the holes, as well as, it will separate the photogenerated charge carriers. These results clearly indicate that in order to obtain improved PEC performance from Ta3N5 NTs, the holes trapped on the surface are only neutralized by applying higher biasing potential. That is a major drawback, once the use of a large potential biasing will reduce the solar energy efficiency conversion for water splitting. Interestingly, the improved photocurrent and the absence of the cathodic spikes from Ta3N5 NTs in Fe (CN)6 3-/4-strongly suggests that the efficient hole scavenging nature of Fe (CN)6
Results and discussion
3-/4-do not give rise to the trapping states.
To elucidate the mechanism of charge transfer across the Ta3N5 NTs/Na2SO4-interface, Nyquist plots were obtained at different applied potentials (Fig. 3a) . Fig. 3a shows incomplete semicircles characteristic of a non-ideal capacitance behavior [15] . The data were fitted by an equivalent circuit shown in Fig. 3b [8] . The observed decrease in charge transfer resistance upon increasing the biasing potential, corroborates the earlier suggestion that; it is necessary to apply higher biasing to help to neutralize the trapping states. EIS corroborates these findings showing that for low charge transport resistance, higher biasing should be applied externally. In addition, from the observed decrease in charge transfer resistance upon increasing the biasing potential; we may infer that the fill factor of Ta3N5 NTs in Na2SO4 (aq) would be poor which can clearly be seen in Fig. 2c . For the analyses discussed above we have used Ta3N5 NTs obtained for 20 min of anodization and nitrided at 800°C for 3 hours. In order to investigate possible effect of the length of the NTs on the trapping states and to improve the photocurrent, we have decreased the length by anodizing the samples for only 5 min and further nitriding them at 800°C during 3 hours. The LSV curve obtained for this sample is shown in Fig. 3c (red color solid line) . Comparing the photocurrent obtained from the sample with the longer length NTs (Fig. 2c , highlighted potential window), no improvement can be observed. Therefore, short length NTs, which are expected to present lower photogenerated charge carrier resistance, could not compete with the trapping states. To evaluate if the nanocrystallinity of the NTs may cope with the trapping states, we have obtained LSV curves of the sample anodized for 20 min and then nitrided at 900°C for the same period of 3 hours (Fig. 3c -black color dotted line) . The cathodic and anodic spikes can be observed clearly. In addition, photocurrent is still not improved. Hence the trapping states are independent of the length and the crystallinity of pristineTa3N5 NTs. In the literature, the best PEC activity for Ta3N5 was observed by Domen´s group, once Ta3N5 was doped with Ba firstly; and then loaded with Co-Pi as a co-catalyst [7] . We may infer that the improvement observed in that report is related to avoiding the trapping states. Hence, we strongly suggest, to improve PEC performance of Ta3N5 NTs a similar kind of methodology should be followed.
Conclusions
In this work we have observed that photoelectrochemical activity of Ta3N5 NTs is highly dependent on the hole scavenging from the surface of the nanotubes. To improve water oxidation in Na2SO4 (aq) a higher applied potential is required, which is a major drawback to solar energy efficiency conversion of water splitting. On the other hand, due to the efficient hole scavenging ability of Fe(CN)6 3-/4-(aq), low biasing potential is required for Ta3N5 NTs that has presented an improved PEC performance once in this electrolyte no trapping state was observed.
